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ABSTRACT 

Visible nulling coronagraphy is one of the few approaches to the direct detection and characterization of Jovian and 
Terrestrial exoplanets that works with segmented aperture telescopes. Jovian and Terrestrial planets require at least 10" 9 
and 1(T 10 image plane contrasts, respectively, within the spectral bandpass and thus require a nearly achromatic 7r-phase 
difference between the arms of the interferometer. An achromatic 7r-phase shift can be achieved by several techniques, 
including sequential angled thick glass plates of varying dispersive materials, distributed thin-film multilayer coatings, 
and techniques that leverage the polarization-dependent phase shift of total-internal reflections. Herein we describe two 
such techniques: sequential thick glass plates and Fresnel rhomb prisms. A viable technique must achieve the 
achromatic phase shift while simultaneously minimizing the intensity difference, chromatic beam spread and 
polarization variation between each arm. In this paper we describe the above techniques and report on efforts to design, 
model, fabricate, align the trades associated with each technique that will lead to an implementations of the most 
promising one in Goddard’s Visible Nulling Coronagraph (VNC). 

Keywords: coronagraphy, interferometry, achromatic phase shift 


1. INTRODUCTION 

The direct observation of Terrestrial planets in the visible bandwidth would allow for spectroscopic analysis to 
determine planetary composition, as well as the presence of water and the possibility to support life. To achieve direct 
detection, an instrument must be capable of high-contrast imaging, or differentiating the 10 orders-of-magnitude 
difference between the host star’s diffracted light and that reflected by an orbiting Terrestrial planet. Furthermore, as 
more and more telescopes are being designed with segmented or sparse apertures, the direct-detection technique should 
be compatible with these architectures 1,2 . 

The visible nulling coronagraph (VNC) is a direct detection technique that achieves all of these requirements. 
As shown in Figure 1, the VNC uses a symmetric Mach-Zehnder interferometer to suppress the starlight at an inner 
working angle (TWA) of ~2i/D. A MEMS segmented deformable mirror (DM) in one arm of the interferometer 
provides wavefront control. When coupled with a fiber-bundle array, simultaneous amplitude and phase control is 
achieved with a single DM. Furthermore, the fiber-bundle array spatially filters the wavefront, relaxing high spatial- 
frequency wavefront requirements on the system. The segmented nature of the DM also makes the VNC compatible 
with segmented and sparse aperture systems. 

As the name implies, the VNC operates in the visible bandwidth regime. In order to enable spectroscopy of the 
detected planets, the VNC must also accommodate broad bandwidths, ideally spanning the band from 400 nm to 700 nm. 
This implies that an achromatic phase shift of n radians must be introduced between the arms of the interferometer. 
Many techniques for achieving an achromatic phase shift have been developed for white-light interferometry. For 
example, a series of dispersive plates can be designed to balance the optical path length (OPL) at several wavelengths 
(similar to the design of achromatic doublet lenses) J ’ 4,5 . Passing a beam through focus 4,6 , or sequential reflections from 
mirrored surfaces can also introduce a phase shift 6 , at the cost of remapping the pupil of the optical system. Thin-film 
coatings can be used to achieve broadband performance of optics 7 . Recently, a series of Fresnel rhomb prisms, 
augmented by sub-wavelength gratings, have been used to achieve an achromatic phase shift in the infrared 8 
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Figure 1 - Optical layout of the visible nulling coronagraph. Light enters from the telescope at the lower left and 
is split and recombined by two matched beamsplitters. Light reflecting off the 1 st beamsplitter traverses two flats 
(Ml and M2) and reflects off a MEMS hex-packed segmented deformable mirror. This light both reflects and 
transmits through the 2 nd beamsplitter and is combined with the light reflecting off flats M4, M5 and M6. There 
are two output channels labeled as the bright object sensor (BOS) used for fine pointing and wavefront control, 
and the science (SCI) channel where an in-focus image of star system without the starlight is collected. 

While all of these techniques have been developed previously, none have to date achieved the extreme 
performance requirements for high-contrast imaging at broadband, visible wavelengths. We report here recent successes 
in two separate designs to achieve a broadband visible achromatic 7t-phase shift for the VNC. 

2. REQUIREMENTS OF ACHROMATIC PHASE SHIFTER 
2.1 Contrast Dependence on Wavefront Error 

The achievable contrast of the VNC depends on a number of instrumental properties and ultimately determines several 
performance requirements on the achromatic phase shifter (APS). Before discussing those requirements, however, it is 
illustrative to discuss the dependence of contrast on something more straightforward: the difference in the wavefront 
error between the arms of the interferometer (for a more detailed discussion of the operation of the VNC, the reader is 
directed to references 1 and 9). 

The noise-free image irradiances in the bright and dark focal planes of the VNC are given by 


i B (d)=^PSF a (e)+^psF t (e)+ 4 i 72 ^{ASF 0 (e)ASF;(e)} 
I D (e) = ^l l PSF 0 (e)+ ] - PSF+ Re{ ASF 0 (0) asf; (e)} 


(i) 


where I B (&) and I D (0) represent the bright and dark channel output images, respectively, 0 is the angular variable 
representing the focal plane projected on the sky, I t and /j? are the integrated intensities in each arm of the interferometer 
such that Ij + 1 2 = Istar, ASFrfJJ) is the unaberrated, diffraction-limited complex amplitude spread function, ASF 4 is the 
aberrated (phase & amplitude) complex amplitude spread function and PSF 0 and PSF* are the point spread functions 
given by 


PSF 0 ( 0 ) = ASF 0 ( 0 ) ASF 0 ’ ( 0 ) 

psF t (e)= ASF t (e)ASF;{e)' 


( 2 ) 



All of the phase and amplitude aberrations can be ascribed to one arm or the other of the interferometer without loss of 
generality since it is only the difference between the arms that matters. 

Using the small angle approximation for the phase error of e^«l + $, we can expand the dark channel 
equation for /d( 0), which leads to the following expression for image-plane contrast: 


C = 



(3) 


where 8 0 is the location of the planet and W 0 is the amplitude of the wavefront error at the spatial frequency that 
corresponds to that location in the image plane. If the mean wavefront error is zero (equivalent to the piston difference 
between the interferometer arms being zero) then the average contrast is 



(4) 


The brightness of speckles is exponentially distributed such that its mean is equal to the standard deviation of its 
intensity. Since we desire to set the requirements for the VNC based on high-confidence statistics we require 

<c)+to, c) = 4(C) s tight (5) 


where C F i ight is the flight requirement contrast limit. This insures that the flight contrast limit will be met better than 99% 
of the time. Solving Eq. (4) for the wavefront error and computing the RMS value gives 


o w 



(6) 


per spatial frequency. 

For the lab VNC operating at a contrast of C = 10' 8 at X = 633 run requires <x w 25 0.014 nm per spatial frequency. 
The overall RMS wavefront error (WFE) is obtained by integrating aw over all spatial frequencies of interest. Spatial 
frequencies of interest are limited for the VNC to what is controllable by the segmented deformable mirror. The 
deformable mirror has 163 active segments, each with 3 control degrees of freedom (DOF), for a total of 489 control 
DOF in all. To achieve contrast of 1 0" 8 with 489 DOF at X - 633 nm requires aw < 0.247 nm. This is the requirement on 
the RMS difference of the wavefront error between the two arms of the interferometer, if all other error sources are 
considered negligible. 

2.2 Contrast Dependence on the APS 

Of course, there are other error sources that are non-negligible, including intensity variations due to coating 
imperfections, polarization variations and errors due to a finite spectral bandpass. For each of these terms, an analysis 
similar to the one performed in Section 2.1 will yield requirements on how well the APS must control these error sources. 
We can re-express the bright- and dark-channel intensities from Eq. (1) in terms of the variance of each of the error 
terms: 
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where a w is the RMS wavefront error as computed in Section 2.1, of is the variance of the fractional intensity difference 
between the arms of the interferometer, oj is the variance of the difference in polarization-vector rotation between the 
arms in units of radians, AA is the spectral bandwidth of the system, and we’ve made use of the asymptotic form of the 
PSF: 


psF(e)= i+^-|0j 


‘♦tMT- 


( 8 ) 


The last term in each expression in Eq. (7) is due to spectral leakage from the path length difference between 
the two arms of the interferometer. Ideally, the path length difference is half of the central wavelength, Ao, to yield a 

phase difference of (2 k/X q )OPL = n where OPL is the optical path length difference. At wavelengths different than 

the phase difference does not result in perfect destructive interference and light is leaked through, lowering the contrast. 
The primary role of the APS is to create an OPL such that the phase difference is constant as a function of the 
wavelength, effectively setting the fourth term of the expressions in Eq. (7) to zero. 

Since some techniques for the APS employ a refractive element, it can introduce lateral chromatic color that is 
different in each arm of the VNC. Beams that shift differently as a function of wavelength in each arm create a 
mismatch in the output pupils, i.e. a shear. A Lyot stop masks out the edge of the pupil where the beams don’t overlap, 
however it does interfere one beam against a slightly different part of the other beam. This yields a wavelength- 
dependent shear that leaks light through and lowers the contrast. 

Assuming the electric field of the leaked light is given by 


E = 




( 9 ) 


where <j>{ x) and (f>(x - A s) are the phase error and the shifted phase error, respectively, then the focal-plane leakage term 
has the form 


I - PSF t sin 2 [ k—Q 
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where As/D is the fractional beam shift due to the differential dispersion. Adding this term to the sum of error terms in 
Eq. (7) gives 
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Using Eq. (11), along with the requirement that the contrast in Eq. (3) be 10“ 8 , performance requirements of the APS 
with respect to each of the error terms can be generated. These performance requirements are summarized in Table 1 
assuming D = 1 cm, A = 633 nm and 0 =2/JD. 



Table 1 - Performance Requirements of the APS 


Requirement 

Value 

Units 

RMS Phase Shift 

< 0.00045 

Radians 

RMS Intensity Difference 

< 0.0005 

Percent 

RMS Polarization Rotation Difference 

<0.00017 

Radians 

Differential Dispersion Beam Shift 

<2.0 

Microns 


3* GLASS PLATE APS 


3.1 Theory 

The theory behind the dispersive element achromatic phase shifter is closely related to the design of achromatic lenses. 
By balancing the wavelength-dependent indexes of refraction of different materials, the optical path length through the 
element can be made almost uniform for multiple wavelengths. Generally speaking, more dispersive elements are 
required to correct a broader range of wavelengths. For example, an achromatic lens is usually a doublet that corrects 
the optical path at two design wavelengths, while an apochromatic lens is usually a triplet and corrects the optical path 
for three design wavelengths. 




Figure 2 - Example arrangement of glass plates. Each plate is tilted by 2.5 C to prevent ghost reflections from 
propagating through the system. 'ttie dashed outline indicates that one arm of the interferometer may include an 
additional airspace in order to achieve the achromatic phase shift. 

For the VNC, the dispersive elements have no optical power, which is to say they are simple glass plates with 
parallel surfaces. However, to prevent ghost reflections off each of the plate facets from propagating through the system, 
the windows are oriented at an angle to each other of approximately 2.5°. Figure 2 shows an example layout for the glass 
plates. For such an arrangement, the optical path length through the plates is given by 




>1 


( 12 ) 


where tj is the thickness of the f 1 plate, or'/A) is the angle of refraction at the plate and n/X) is the index of refraction of 
the f 1 plate. The phase shift between the arms of the interferometer is then given by 


" W - xL ora (*)»> - 0M W-] ■ < 13 > 

Arranging the plates in an angled configuration, however, introduces several other effects on the optical beam 
that must be mitigated. At non-normal incidence, the beam will refract as it enters each glass plate, and again as it exits. 
After passing through several glass plates, the beam will have dispersed laterally in one dimension as a function of 


wavelength, as demonstrated in Figure 3. The beam displacement when passing through a series of glass plates at non- 
normal incidence is give by 
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where o ; is the angle of incidence at the y ,th plate. As discussed in Section 2, the differential dispersed beam width 
between the arms of the interferometer, AD = \D(k) arm \ - D{X) ar na\> must be less than 2 //m. 



Figure 3 - Beam displacement when passing through a glass plate at non-normal incidence. The total difference in the beam 
displacement between the two arms must be small enough that when re-combined, the two beams interfere with the same regions. 

Also, it is well known that a linearly polarized beam passing through a plate at non-normal incidence will 
undergo a slight rotation of its polarization angle relative to plane of incidence 15 . If P t (X) is the initial angle between the 
plane of polarization and the plane of incidence, then after transmitting through the glass plates, the angle will be 

p o{*)= P,{^) fit «*[a, - a'j (A)]cos|y (A) ; -a,], ( 15 ) 


assuming a small-angle approximation, and where the first cosine term corresponds to the beam entering a particular 
glass plate and the second cosine term corresponds to the beam exiting that same plate. The standard deviation of the 
differential change in polarization between the arms of the interferometer, A P 0 (X) = | P 0 (X) ar m\ - VU2 |, must be less 
than 0.00017 radians. 

Finally, at each air-glass interface, the beam intensity will be reduced by Fresnel reflection and transmission 
losses. Through a single arm of the interferometer, the Fresnel intensity transmission coefficient is given by 
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where the first term in braces corresponds to the beam entering a particular glass plate and the second term in braces 
corresponds to the beam exiting the same plate. The standard deviation of the differential change in intensity between 
the arms of the interferometer, A71(A) = | T\X) a rm\ - T(X ) arm2 1, must be less than 0.0005 %. 

3.2 Design Procedure 

The design of the glass-plate APS is one of optimization: what selection of plate materials and thicknesses minimizes the 
differential lateral dispersion, transmitted intensity and change in polarization, while achieving the achromatic phase 
shift? The optimization procedure is complicated by the fact that one set of variables, the plate materials, is discrete 


while the other set, plate thicknesses, is continuous. We used an in-house global search routine that generates 
configurations by selecting glass materials from a database. These configurations are optimized by following several 
trajectories through the search-space using a recursive branching structure. For each configuration that is tested, the 
glass plate thicknesses are optimized by a constrained nonlinear optimization routine. We found this in-house routine to 
be significantly more efficient than a traditional global search algorithm such as simulated annealing. 

The error metric that is evaluated by the optimization routine is a weighted sum of components for each of the 
conditions presented in Section 3.1. The error metric components for the phase shift, transmitted intensity difference, 
and differential change in polarization are the mean-squared-errors, given by 
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and 

c») 

The error metric component for the lateral dispersion component is the standard deviation of the differential lateral 
dispersion, since mean errors can be removed through re-alignment of the two arms of the interferometer. The error 
metric component is given by 


£» = ^2[a°W-AOW]’. (20) 

where the overbar denotes computing the mean value of the quantity. 

The total error metric to be minimized by the global search routine is a weighted sum of these components: 

E = 7 \E 0 pl +YiE d +Y$E t + Y*Ep ( 21 ) 

where the relative weights allow us to emphasize certain components over the others, if needed. Analytic derivatives of 
E with respect to the glass plate thicknesses are easily computed to facilitate the nonlinear optimization portion of the 
search. 

3.3 Design Results 

Initially, a large glass database was used to generate the random configurations used in the global search algorithm, and 
several solutions were found. However, to improve manufacturability of the glass plates, a second round of 
optimizations was performed with a restricted, “preferred” database of commonly used glasses that are easy to work with. 
Table 2 shows the location, material and thickness of each plate. 



Tabic 2 - Glass Plate Achromatic Phase Shifter Solution 


Location 

Material 

Thickness (mm) 

Arm 1 

Ohara S-TIM25 

3.835 

Arm 1 

Ohara S-BSM28 

5.199 

Arm 1 

Ohara S-TIH4 

9.395 

Arm 2 

Ohara S-BSM28 

3.519 

Arm 2 

Ohara S-TIH1 

14.780 

Arm 2 

Vacuum 

0.240 


This solution uses five individual plates and four distinct materials and provides an achromatic phase shift over 
the bandwidth between 530 nm and 730 nm. Figure 4 - Figure 7 show the phase shift error, differential lateral 
dispersion, differential transmitted intensity, and differential change in polarization, respectively, as functions of 
wavelength. Table 3 summarizes the performance metrics of the solution. 



Figure 4 - The error in the phase shift, [<t>aimi (A) - ^amaMl - K - The mean error is -1.44* 10' 9 radians 
with a standard deviation of 4.70 *10' 5 radians. 



Wavelength [pm] 

Figure 5 - The beam shear due to differential dispersion in each arm. The mean error is -50.06 pm, 
which can be removed through re-alignment. The standard deviation of the error is 0.3 1 pm. 



Figure 6 - The differential transmitted intensity. The mean value is 1.24* 10 3 percent, which can be removed by balancing the 
average intensity in each arm of the interferometer. The standard deviation is 5.78* KT 6 percent 



Figure 7 - The differential rotation of the polarization vector between the arms. 
The mean value is 3.98* KT 6 radians and the standard deviation is 3.72* 10" 8 radians. 


Table 3 - Performance results for the glass-plate APS solution presented in Table 2. 


Quantity 

Mean Error 

Standard Deviation 

Phase Shift 

-1.44x10”* radians 

4.70x1 0” 5 radians 

Beam Shear 

-50.06 pm 

0.31 jxm 

Differential Intensity 

T.24x10 _:4 % 

5.78x10"*% 

Differential Rotation of the 
Polarization Vector 

3.98* KT 5 radians 
1 

3.72x10”* radians 


3.4 Manufacturability & Alignment 

While this solution meets all of the necessary performance requirements, it proves to be infeasible from a manufacturing 
and alignment perspective. Material imperfections play a big role in terms of striae, or non-uniformities in the index of 
refraction of the glass. It is possible to obtain high-quality melts of some glass materials that would meet the stringent 
zero-tolerance of the VNC APS. However, for the glasses listed in Table 2, such quality is not guaranteed. 

Polishing the glass plates poses another challenge. The thickness of the glass plate is the dominant contributor 
to the OPL through the plate, and must be controlled to better than ±25 fi m. While it is possible to achieve such 


accuracy with modem polishing techniques, it forces other tolerances such as surface flatness, surface roughness, and 
surface quality (i.e. scratch-dig) to be relaxed. Ultimately, the polishing of each plate is a best-effort attempt, with no 
guarantee that the requirements will be met. It is possible that some error in the plate thickness can be compensated by 
adjustments in the angle of the glass plate. Preliminary tolerancing of the alignment of the plates, however, shows that 
the angular alignment needs to be achieved with arc-second accuracy in the lab. 

4. THIN-FILM FRESNEL RHOMB APS 


4.1 Theory 


A second technique of achieving the APS uses a pair of Fresnel rhomb prisms in each arm of the interferometer and was 
first reported by Mawet, et. al. , for use in the infrared regime 8 . The concept leverages the polarization-dependent phase 
shift that occurs when a beam undergoes total internal reflection (TIR). A schematic of the device is shown in Figure 8. 
The phase shift between the s and p polarization states for a single TIR is given by 


A<b s _ p ( A) = 2 arctan 
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^ ( \ 

-2 arctan 

^jsm 2 a-nl(X) 

^(Ajcosa 


cos a 


( 22 ) 


where a is the angle of incidence at the interface, and n tl {X) is the ratio of the emergent and incident indexes of refraction: 




‘emergent 


w 


incident (^) 


(23) 



Figure 8 - A diagram of the Fresnel rhomb APS. The beam undergoes 4 total-internal reflections (TIR). 

At each TIR, a polarization-dependent retardance is introduced in the beam. The acute prism angle 
determines the angle of incidence at the TIR interface. 

The phase shift as a function of angle-of-incidence is shown in Figure 9 for TIR at a fused-silica/air interface for 
several wavelengths. There are two aspects to note: First, the phase shift is nearly achromatic for this selection of 
materials, though not enough to meet the VNC’s requirements. Second, the maximum phase shift achieved at an angle 
of incidence of 53° is only 0.74 radians. Even after the four TIR bounces in the device shown in Figure 8, the total phase 
shift is still less than n. 

Mawet, et. al , used a subwavelength grating at the TIR interfaces to augment the phase shift in the infrared, 
achieving not only the necessary phase shift magnitude, but also achromaticity. They also explored the use of thin-film 
coatings at the TIR interfaces - a technique we optimize here for visible wavelengths. If r is the amplitude reflection 
coefficient of the thin-film coating, then the phase of the reflected beam is arctan(r). The polarization-dependent phase 
shift is then given by 


A*!*,.,, (A) = arctan [ \ (A)] - arctan [r, (A)] 


(24) 


where r s is the amplitude reflection coefficient for 5-polarization and r p is the amplitude reflection coefficient for p- 
polarization. 



Figure 9 - The phase shift between the s- and p-polarization states at total internal reflections. 

The phase shift is nearly achromatic, and has a peak at 53° of 0.74 radians. 

Through proper selection of the substrate material, angle-of-incidence, coating layer thickness, coating layer 
material, and the number of coating layers, one can tune the polarization-dependent phase shift to be achromatic and 
equal to n. A second device in the opposite arm of the interferometer, rotated by 90°, introduces the phase shift in the 
opposite polarization state. For example, in the first arm of the interferometer, the /7-polarization state is retarded by it 
radians relative to the ^-polarization state. Conversely, in the second arm of the interferometer, the 5-polarization state is 
retarded by n radians relative to the /7-polarization state. Thus, when the beams are recombined, each polarization state 
destructively interferes to produce a null. 

4.2 Design Process 

The design of the Fresnel rhomb prisms was performed similarly to the glass-plate APS. A global search routine was 
run ever the free-variables of angle-of-incidence, coating layer material, and coating layer thickness to achieve the 
requirements. The substrate was chosen to be Schott LITHOSIL, as high-quality melts with no striae or inclusions can 
be obtained. Initially, the coating was constrained to have only two layers for simplicity. The global search routine 
generated coating configurations by drawing materials from a pre-specified database, and then optimized the angle-of- 
incidence and each layer thickness by constrained nonlinear optimization. 

Unlike the glass plate APS, the error metric that was optimized consists of only a single term related to the 
phase shift. This simplification is due to several reasons. First, in the nominal design of the APS, the beam does not 
undergo refraction anywhere, so there is no beam shear due to differential dispersion. Furthermore, since all reflections 
are TIR, the Fresnel rhombs provide 100% throughput in each arm (ignoring absorptive effects of the substrates, which 
should be equivalent in each arm anyway). Also due to each reflection being TIR, there is no rotation of the polarization 
vector at each interface; the polarization state of the beam is preserved. 

The error metric minimized by the global search routine is just 

£ = Xa<I>?(A)+£a^(A) (25) 

X X 

where AO* and are the phase differences between the arms of the interferometer for s- and /7-polarization, 
respectively. 

4.3 Design Results 

Several solutions were found that achieved the VNC’s requirements; the one with the best performance was selected for 
fabrication. Figure 10 shows a schematic of a single prism, including the coating prescription for each surface. All four 
prisms are identical. Figure 11 shows the phase shift performance for each polarization state over the 40-nm 


bandwidth centered about 632.8 nm. Table 4 summarizes the design & performance parameters of the Fresnel rhomb 



Figure 10 - The Fresnel rhomb APS solution. The coating on each surface is identical, and consists of just two 

layers. All four prisms are identical. 



Wavelength [nm] 

Figure 1 1 - The phase shift error, [Oarmi (A) - ^annzW] ~ «i in each polarization state. The mean error for 
s-polarization is 4. 14* 10” 7 radians with a standard deviation of 4.35 * 10~ 5 radians. For p-polarization, 
the mean error is -1.24* 10" 6 radians with a standard deviation of 4.3 5 x 10~ 5 radians. 


Table 4 - Fresnel rhomb prism APS design parameters and performanc e values. 


Parameter: 

Value: 

Substrate Material 

Schott LITHOS1L 

Prism Acute Angle 

44.173° 

Prism Obtuse Angle 

135.827° 

Coating Layer 1 Material 

MgF 2 

Coating Layer 1 Thickness 

88.562 nm 

Coating Layer 2 Material 

Si0 2 

Coating Layer 2 Thickness 

72.813 nm 


^-Polarization Mean Phase- 
shift Error 

4.14xl(T 7 radians 

5 -Polarization Phase-shift 
Error Standard Deviation 

4.35* 1(T 5 radians 

/?-Polarization Mean Phase- 
shift Error 

- 1. 24 xlO -6 radians 

/^-Polarization Phase-shift 
Error Standard Deviation 

4.35xl(f 5 radians 


4.4 Discussion 

From a manufacturing perspective, the Fresnel rhomb APS appears to be more feasible than the glass plate APS. Since 
all four prisms are identical in design, they can be polished as a single block and later diced, reducing the variation in 
polishing errors of the prism angle. The prisms can also be coated as a group, reducing variation in coating layer 
thickness. 

Tolerances on both the prism angle and layer thicknesses are within standard manufacturing precision. The 
prism angle (which determines the angle-of-incidence for the TIR reflections) is actually a fairly loose tolerance. Once 
the prisms are manufactured, the prism angle can be measured to arc-second accuracy and the coating prescription can 
be re-optimized to accommodate. Coating layers can routinely be controlled during deposition with nanometer accuracy. 

4.5 Variations to the Design 

We are currently exploring a variation to the design of the Fresnel rhomb APS, as well as running a more detailed 
tolerancing analysis to determine the manufacturability of the device. The design variation is required to mitigate ghost 
reflections between the prism pairs in each arm. A wedge angle is added to the input and output facets of each prism, as 
shown in Figure 12. The biggest impact this has on performance is that it re-introduces beam shear due to differential 
dispersion since the beams now refract upon entering and exiting each prism. Furthermore, since the device in each arm 
is rotated by 90° with respect to its counterpart, the beams shear in orthogonal dimensions. We are still exploring the 
impact of this on the APS performance. 



Figure 12 - Fresnel rhomb APS with wedged interfaces to direct ghost reflections out of the system. 

A Monte Carlo study is also being performed on the manufacturing process to determine the potential yield of 
devices that will meet the VNC’s requirements. Using the baseline design, typical polishing errors are added to the 


prism angle and the coating prescription is re-optimized to achieve the desired phase shift. Random manufacturing 
errors are then added to the coating layer thicknesses to determine the final performance of the device. The results of 
this study are not yet available. 


5, CONCLUSION 

We report here on two new designs to achieve an achromatic phase shift for the visible nulling coronagraph. The APS is 
required to achieve high-contrast, broadband direct detection of exoplanets. The first design uses a series of dispersive 
glass plates to achieve a 7r-phase shift across the band between 530 nm - 730 nm. The RMS error of the achieved phase 
shift is 4.7* 10“ 5 radians. Differential intensity, lateral beam dispersion, differential polarization rotation and ghost 
images are also minimized. Ultimately, the glass plate solution proved too difficult to manufacture and align in the lab 
VNC. 

The second design uses Fresnel rhomb prisms and leverages the polarization-dependent retardance that occurs 
at total-internal reflection. Thin film coatings on the TIR interfaces are used to augment the retardance to achieve the 
desired phase shift as well as achromaticity. The optimized solution uses four LITHOSIL-substrate prisms with two- 
layer coatings of Si0 2 on MgF 2 to achieve die phase shift. Two prisms are used in each arm, with one arm rotated by 90* 
to achieve the complementary retardance. 

The Fresnel rhomb APS appears to be more easily manufactured and aligned than the glass plate APS. Further 
study is being performed to determine tolerances on the prism angles and coating prescription. 
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Vahte railing coronagraphy is one of toe few *»p.oacna« to tna cflrect deljeron end characterization of Joviwi uvl . a._-.uiai e.op^nr.is that works will angmsntad aperture i ilescopes Jovran 
and Taii mat planets r.n** 3 at least 10 and 10 image oiana contrasts, raspadiwJy. wthin (he spectral tMnc*uss and Jile raqu.e a newt/ achromatic ir-ptw'M difference between me amis 
of me intarfenxrefer. An achromatic r-ptiiae »M* can be achievi by severe' (acting «. mdujfrig aaquwffiat a r*. . *1 ttacfc ^ass p'ates of varying u*peo* 1 ratals s. dtetiiiuted Jin-ftri 
■n-htayer coatnqs or tecnn q-Ba that tevsrags the potanzatorr -apencen: phase shift of IteaHntonvd redactions. herein re descr.be two rrpleiperlesons of such techrtquti. saqus-ha thick 
{pass plates and Freene! rhomb prisma. A Mads technique must adwa/aTw achromatic pr tea stall \.Nle wmiilaneousiy mnsmang fa htensfty cWaronoe, chromatic beam spread and 
potanzabon . riot or between , 0 Inter aroroster wns. in this paper we describe the above IrtiptenrenMons ana report on Ihe trades associated with each technique that wfll lead to an 
ImplemantaBan of the mast promising one In Go 3d onto visible Nullng Ccronegraph (VNC). 


Introduction 

The dlrcc* uaeervefion of Tan-satin at p aneL: in the vtaibl* handwfdto would alow for spectroscope anah, ua la detenrr.ne planetary composition, as 
ml as the presence of rat * ana the possibility to support lie. To achieve direct detection, an instrument must be capable of nlgrvcontrast . nag ng. 
ordtifarcntieting the lOom-ire-of-niegnhioa dffarerre bees .an he hoet start dflrected ti'tsodha reflacted cyanortalhg TeroctrjH pter.t 
Furthermore. as more and mote telescopes are bang dailgnad with seg. la-ttd or sporee apertures he drect detection tebhrtqjs should be 
oompa J>le with to«-s archiecjunet,. 

The . Isihte railing cnronaysph (VNC) is a direct detection technique hat achieves aft of these requirements. A6 ehr vn In Figure 1 , the VNC 
usee a symmetric Mach-ZehnderintarfernmLar to suparas* n« *lartighnu sn inner waking angle (IWA) of -2A/D. whL.e A is the wavatength and D 
it lha beam 1 ametar Al'^MSsugmuntei dsfarrable mirror (OM) In omann of tire inisffsrDnMti .-rsovfc rs wavefront oontrcf. Wh .1 coup tod v.nh 
a d bar bundle ai. ay, slmulteneous ompilludo ond phase oonlnf is ach wvsel with a single DM. Furtoermoi . the flbc * bundle array «. put ally filters the 
wavefront, relaxing high spatial-frequency we efirnnt requirements on the system. The segmented nalur of the DM afso makes the VNC 
compatible with segmented- and spurs a-aperttfo systems 

As the none implies, the VNC cperatMi n toe vistbie bandwicih regime, to orderto enable rqiectioacopy of the oe' .dad p ansts, too 'VNC mtsi 
atso ecoommcdate broad aandwTItni. c.ily spa-nlnq toe hand Irani 4C0nm to 7C0nm. T "Jab road bant -Idto mp‘2* that an aenromatc. "ruing 
pnoL . shift (o' (7 radars) must be i-rronttsa between the arms of the .‘ntorfarome-^’. Many technique* to «*wrg *1 achromatic pnasu shift 
haw been cevetopea for white-tight interferometry For example, a aortas of dtapareivB p'etes can be des-goed to balance the optsal p •ah tengto 
(OPL) at aeveral wavelengths (sftnlar to the design of achromatic doublet lenses). Passe g a beam through focus or aequsnlis! reflect ore from 
mirrored surfaces can also introduce a phar shift, at lha cost of re -orienting the pupil of lha optical system. IhirvNm coatings can .e used to 
atchrwve broadband performance of optics. , 'econSy. a series of Frunet rhomb priu. b, augmented by sub wavelength gratings, have been used to 
ochtove an achromatic phase shift in the infrared. 


MMA .Lyot Stop-1 

... 4T. 



Figure 1 - Optical layout of Ihe visible ruiltng coronagraph. 
Light entenr from tre tBieeccpe at the lower left and Is spilt 
and rooembined by two matched baarupflttm Light 
raf-ecang cfflhe Istbeanz 4 tier fra .rses two flats (Ml 
end M2) and wflads, off a me VS n 4 x- packed sagnanted 
deforreble minor. This Tgh: both reflsds and tranam is 
trough the 2nd beam splitter and Is comLIned wUi the 
light nflecbng off flat- M4.M5 and MS. ihc.aaretwo 
output channels lahejad as ths bright object ssnsor (BOS) 
used for fine painting and wavefront control, and the 
snence (SCI) channel, where an In-focus Image of star 
syst -im w.itout the starlight te cotlacted. 


Glass-Plate APS 

The theory behind the dispersive element achromettc phoeo shtftar is closely retatad to the design of achromatic lenses. By balancing ihe 
wavelength dependent indices of retraction of different mataneie. Ihe optical path fenglh Trough the ''email can be made almost untfor.i for 
mtitipte w to ttengto * Gsrsraly spoalwig. mom dispersk 3 elements are required to cnrraet a oroaunr r xn&t of wmvw wi^he. 

ForfrtaVNC.toedspert. vejtementarevenoopcceipowv.wn£h,stosaylheyar»sto«ologtaeapia..s' Nrolar*e-parallaiiur&cM. -to ever, 
to pmvem ghost mtiarVirm off each o' the ptate faceta from propa-, iting torough toe syston, toe w.ndows mn» orientod at an ar»le to eacr other of 
■p- ronmete y 6* Figue 2 shows an axamplo layout tor the glass ptataa. For such an arrangement toe optical path length through the ptMee * 

where t, Is the thfoknesa of the f ptate, r'.'X) m thHangta nf refraction at the j plate and ryX)la the Index nf mfraclrin of thaf plate. The phase shift 


tMtwaan lha arm s of the interferometer is then given by 




Arangfrig ihe plates in an angled ttonflgumscn ruv . .• ntroduoee several other elbda on toeoptlcai beam But muilbamilt$:3tad. Atnorv 
normal incidence. Ihe seam vMl refract as t enters t eh gans plate, and vn as X axils After patch; through se '’rai glass p ai-« fra beam wiJ 
neve dlspe'sed lateraly in ore dlmenefon as a forcSar of wave angto. The beam disc acemant wh .n pasain. i-rouq- a sanes of siau- . ptetes at 
neonormal rnodance * given by 




_1 


f ■^■P] 

wtwran, 5 the rngfla ofinadancj at toef plate ThadHercntial dispersed beam width batwejn the arms ol lha Interferometer. 

AB~|B(XX B(A), J. must be less than 2 fjm. 

A Inaarty palarized tx.am pa- «-lng through a plate at non-normal Inddsnca will undergo a sight rotation of Its polarization angle n hjUvh to lha 
plane of inddenoe. If P,'A) is Ihe initial - lgls batwean lha plane of polarization and Ihe plane of tncldenr . than sft * trareml Jng Ihrouch toe glaus 
pletea, theanglawflbe 

w- r w n «•[*. -<w]co.[«'(A) i -« ] 

aauarsng a amali-angle ap pnw naton. The standard devABon ij lha . fraremiai change in petereation bet. sen the am of toe Jiterferoflh. jt, 
|. must bs tea* tom 0000 17 radar*. 

ri each ar-g aes i-.erface. the beam Intenafly will l a raduoea by F'esnel refect on and fanimlsstan tosses. Througn a s.igte t.m of frw 
interferometer, the Fresnel )ntan:fty tranemimon coefficient « given by 


() or .«*[^w^(4r 




Thoatenuard deviation of toadiffa-enhal change in intensity betw.* in the arms of the interferometer, AT(X)» | T(ty. -T(A). . |. must be lees than 
0.0W6V 


TWivFilm Fresnel RhombAPS 

As* '■end technique of ectfevlng the APS us '.a pair UR- tnel rhomb oriwns to each arm of the Inurferometaf and was fret repor.ad by Ma /at . ( 
iN.twucentho/rfc edrogme The cancc pi mwijn toe paartaScr-- apa-dent phase shift toot occurs ren a beam undergoes total internal 
refaction fTlR). AscherreticoftoedevtcoAS osm to Figure 3 The p"as« jhft bebwacn ilia > ar-q p polar z*t on totoMi ftr h infte ii Pf Isgr - n by 




v ism a Is toe eryfo of toddenoe al lha interface, and njtA) Is toe ratio of the emergent and Incident Indexes of refraction . 

The phax- shift as a function of ang^f-tnckionco is shovto to r Igure 4 for TiR at a fuaad-aiifoafalr In' .• 'toco for aavarai wavetenrtos. There are 
n aepects to note: Ftret the phase ah,.T» nearly achromatic tortolsselecdoo of materials, though not erux^jh for to VNC to mLiit^rtormanca 
raqunanante. Seconh, ihe maxtoium phase shift achieved at an angle of tocfdjnoe of S3‘ is only 0.74 radians. Kvan afir tha four TiR bounce toe 
to a phase shift is still lass than n. 

Mawet cf ml , used a subwav ngto grating at the 1 IR Intertaoas to u.- 'ment the phase shift to toe irfrarad. a hteving not tmiy the necessary 
chase shl.i mau.Tltudi . but also achrnmstaly n»y also expiot Jfl toe use of thin-film cretings at too TIR mL Wares - s leer No ue we opUmaa hare 
tor v»fcle -svsiangtot If r is toe arpi tud* roflacion eoefltcan! of toe JwvUt ooaflrg r«n toe prune of too reflected seam is arotanfr). Tha 
pcU-v*tnrv<i jenoentphasi shift istosn given by 

d#^(A)-«tea[t(l)]-s«. «[«,(A)] 

r, is the amplllude rr Section oosffiasnt for p-potartzatiorv 



F gurs3 -Aolejram of lha ^rasnsl -hombAPS. 

bwr unde 'goes 4 total-rr .net -^ftecito-s ( .IR), 

At each TIR. a jw terzaSo- -ieparwent rota raarx.r Is 
introduoad m toe beam . The acwte prism engls 
dslarmlnoB the angle of inddanco J lha TiR interfere. 


Figure 4 - The phase shift 
between tha s- and p 
polarization states at total 
m.jmal reflectlore. 7 
The phar- shtfl Is nearly 1 0 
achromatic, and has a peak “ 
at M’ of 0.74 radians, jj „ 
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Design Process & Results 

Tha do sign of both /PS eta- less was cast as an optimization problem: what geteejon of mat /risks and thrknasses ach.svos the ochromatc phase 
stall while mnimizmg undesired sffx'n? The optimization procedure Is complicated by the fact that one sat of variables, lha materials (for Ihe glass 
plat* i or coating la) ’rs). Is diecrete white other vembiiai. such os plate or coating layer thfofcnosses. are conUrruoug. Wa used an Intoouse global 
search routine tost ganaraks configurations by selocilng rnatanote from a database. Thses cnnflgurtitlorH are optimized by folcwfrtg several 
trajectories through toe -.sarth-spece usinc a rectsaivs branching structure. For each corffiguration that ia tested toa continuous variabtee ara 
optimiijd by a constratoed naninc rr optimization roOflne. Ws found this irvhouw routine to b. slgnWcsnlly mom etoctenl than a trad bone global 
a* mto ter frtom such as sfrnuiate J anm. jkng 

Table 1 ana F«ures 5-B show he c.ttenoi destg*' for toe ass-pUSe APS Figures . and 10 show toe o bn, it c .-s gri for toe Fresnel rhomb 
prism APS. 

labia 1 - Glam-Plalr.APS materials & nfab ttackneun- 
Matorlsl Thlcknese (mm) 


Arm 1 
Arm 1 
Arm 1 
Arm 2 
Arm 2 
/fm2 


Ohara S-TIM25 
Ohara S-BSM28 
Ohara S-TIH4 
Oh era S-BSM2B 
Ohara S-TIH1 
Vacuum 


3335 
5.190 
9395 
3.61 B 
14.780 
0340 
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Fyirre 6 (upper left} - The error In the phase shit. 

(to (A) - ®. fA)i - it. The mean error is -1.4 1x10* radians 
wtto a alundar d deviation of 4. 70* 10 r 


Figure 6 (uppw right)- The beam shear due to differential dmperainn 
to each arm. The mean error i* -6D.O6 pmwitox standard devlo Hon 
ofo,3l pm. 

Ftum 7 (lowar left) -The differential transmitted Intensity. Tha mean 
value 1 24*10' ‘ percent with a standard deviation of S.78-10** 


F^fure « (lower right) - The dtffer.ndaJ rotation of the peian/atian 
vtctorbetwaen the arms. Tfte mean value is 3.00*10'' rsawns and 
toe standard canriaticnifi 3.72 k 10° radians 



igui j 9 - Tha . , isnal rhomb APS aoii/i qn The coating on each 
surface is idantical, and oonslste of just two layer A! fourprwms are 
Identical. 
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Figure 10 - Ths ,ihm shift error, [«.. (A)-<J>„ (A)] - rr, in 
each polarization state he mean error for 
s-potartaation is 4.14*10“ radians with a standard 
deviation of 4.35*10* radians For p-polariz.'tdon, 
the mean error Is 134*10' radians with a standard 
deviation of 4, 35*10' radians. 


